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DECLARATION UNDER 37 CF.R. 81.132 



Sir: 



I, Sean Alexander Axon, of 8 Ettersgill Close, Eaglescliffe, United Kingdom, declare: 

1 . I am of British nationality and earned a BSc degree in chemistry from the University 
of Liverpool John Moores and a PhD from the University of Cambridge, England in 
1988 and 1991, respectively. I have since been working in the field of catalysis, 
primarily heterogeneous catalysis. 



2. In 1999, 1 joined the Research Department of the Synetix business of ICI Chemical & 
Polymers, Ltd,, a subsidiary of Imperial Chemical Industries, PLC Following the 
purchase of the Synetix business by Johnson Matthey PLC in 2002, 1 am now 
employed by Johnson Matthey PLC in the Process Catalysts and Technologies section 
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of Johnson Matthey Catalysts Division, as the Manufacturing Science Manager for the 
Johnson Matthey Catalyst business - responsible for strategic research in 
homogeneous and heterogeneous catalysis. 



3. I am a member of Royal Society of Chemistry's solid-state committee and am an 
active participant in of EPSRC perovskite network. From October 1999 to date I have 
been responsible for the development of perovskite catalysts for ammonia oxidation. 

4. 1 have read and understood the objections raised by the Examiner in the Office Action 
mailed April 20* 2004. 



5. Following the procedure set forth in Example 2 of the present application, I conducted 
or had conducted on my behalf the following experiment: 

Catalysts having the composition Lao.QsSro.oaCoOs and Lao,98Ceo.o2Co03 were prepared 
with final calcination at 900''C for 6 hours. The catalysts were then tested for their 
efficiency (i.e. the percentage of the ammonia converted to NO and NO2) in a lab- 
scale ammonia oxidation reactor. The catalysts were tested twice under the same 
conditions. 



About 60 g of a pelleted catalyst was placed, as a 50 mm bed supported on a stainless 
steel gauze, in a stainless steel tubular reactor of 28 mm i.d. A mixture of ammonia 
(10-10.5% by volume) and air was preheated to about 180^C and passed though the 
reactor. The air was fed at 2 mVhour. The exothermic oxidation reaction taking place 
on the catalyst raised the gas temperatures to 850-900''C. The resulting product gas 
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6. 



mixture was analysed by mass spectroscopy and the efficiency calculated by taking the 
average ammonia conversion to NO/NO2 over a two hour period, measured after 
steady state conditions had been established. The reaction was stopped by switching 
off the ammonia and cooling the catalyst under air. The process was then repeated. A 
small improvement in efficiency is normally observed for the second run due to 
catalyst conditioning. The results were as follows; 



Catalyst 


Run 


Efficiency 


Average 


Lao.98Ceo.o2Co03 


1 


88.4 


90.7 




2 


93.0 




Lao.gsSro.ozCoOs 


1 


87.1 


88.1 




2 


89.1 





It is my belief that the higher efficiency figures for the first, second and average 
values for the Ce-doped LaCeCo03 catalyst compared to the Sr-doped LaSrCoOj 
catalyst are not suggested by and would not have been obvious from the disclosure of 
Quinlan. In particular, Quinlan does not suggest that different catalytic behavior 
might arise by including variable valence elements cerium and praseodymium in the 
perovskite structure. The increase in efficiency demonstrated is significant, for 
example, in terms of nitric oxide production due to the scale of industrial operations. 



7. It is my belief that inclusion of a variable- valency cation selected from cerium and 
praseodymium in the A-site of the cobalt perovskite catalyst leads to improved 
catalytic performance because of their ability to 'shuttle' between the +4 and +3 
oxidation states. Divalent strontium does not have this ability. However, it is known 
that inclusion of cerium and praseodymium in the perovskite structure is difficult 
whereas inclusion of strontium is relatively straightforward. In this regard, the 
'solubility' of strontium in a lanthanum cobaltate perovskite is high. In contrast, it is 
known that the 'solubility' of cerium in the lanthanum perovskite structure is low and 
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that its inclusion is more difficult. This difference in behavior is discussed in a paper 
co-authored by myself that published in 2002 (Chem, Comm,, 2706, 2002). 



8. In view of the similar redox behavior of cerium and praseodymium (see, e.g., "A New 
Concise Inorganic Chemistry", 3rd Edition, by J. D. Lee, pages 394-396, 1982), it is 
my opinion that similar results as shown for the cerium-doped catalyst would be 
achieved for a praseodymium-doped catalyst. 

9. It is my further belief that a skilled person with a knowledge of the low solubility of 
cerium would not have been motivated by the disclosure of Quinlan to prepare 
catalysts of the present invention with an expectation of success. 

10. It is also my belief that the non-variable- valency cation may be selected from yttrium 
and the non-variable valency rare earth elements such as lanthanum or neodymium 
because such elements are known to form stable perovskite structures. In particular, 
it is known that these elements may all provide suitable A-site elements in a 
perovskite structure (see for example, ''Structure and Reactivity of Perovskite-Type 
Oxides" by Tejuca et al, 1989, pages 240-241). 

1 1 . I further declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such willful false statements may 
jeopardize the vaHdity of the application or any patent issuing thereon. 

Signed and declared at Billingham, England, this J day of 'TT\^^^ 2004. 




Sean Alexander Axon 
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Solubility of cerium in LaCoO^-influence on catalytic activity 
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The recent interest in the catalytic properties of lanthanum 
perovskites for methane combustion and three way catalysis 
has led to considerable debate as to their structure and defect 
chemistry. We have investigated the doping of LaCoOa with 
the tetravalent cerium cation using atomistic simulation 
techniques. We have compared three routes for cerium 
insertion and identified the favoured doping mechanism, 
which explain experimental observations relating to the 
effect of cerium on catalytic activity. 

Lanthanum perovskite materials have been investigated for 
many applications, such as fuel cells, hydrocarbon combustion, 
exhaust depollution and catalytic membranes. Of particular 
interest to us are new high temperature oxidation catalysts 
capitalising on the outstanding structural and thermal stability 
of perovskites under aggressive reaction conditions. The 
mechanisms of oxidation at the catalytic active sites in the 
lanthanum perovskites are, however, still open to considerable 
debate. Dependent upon the synthesis conditions, the catalyst 
pre-treatment and the operating conditions, the material exhibits 
different behaviour, while the inclusion of dopants in the 
perovskite lattice adds further complexity. However, it has 
become clear that two types of oxygen play a vital role in the 
catalysis. Suprafacial oxygen has been identified as surface 
adsorbed oxygen in equilibrium with gas phase oxygen and is 
the dominant reactant species at low temperature, while at 
higher temperature (typically >550 °C) due to the high ionic 
conductivity of these materials, intrafacial lattice oxygen 
becomes available for catalysis and an ion-redox catalysed 
reaction becomes possible Within this descriptive frame- 
work, a number of catalytic oxidation regimes can exist as a 
function of temperature depending on the identity of the 
perovskite B site transition metal, the inclusion of dopants, 
particularly at the La site and the specific reaction under 
consideration. 

Of particular interest is LaCoOs where catalytic behaviour 
can be mediated by both divalent ion {e.g. Sr^^) doping at the La 
site and tetravalent ion (0^*+) doping. While the effect of Sr2+ 
doping is relatively well understood experimentally and 
theoretically in terms of formation of compensating oxygen ion 
lattice vacancies,"* the interpretation of the effect of Ce'*+ doping 
is complicated by formation of mixed phase materials with 
segregation of Ce02. For example, doping with low levels of Ce 
(x ~ 0.05 in Lai_;cCe;rCo03) appears to lead to a small drop in 
catalytic activity for the lower temperature regime until at 
higher cerium levels, when Ce02 is readily detected by XRD, 
activity retiims.^-^ However, recent work on CH4 combustion 
indicates that phase segregated Ce02 would have relatively low 
activity compared to LaCoOs. Enhancement in activity at high 
temperature is therefore dominated by the Ce dopant acting 

£ within the LaCoOa surface lattice."^ 

To understand these effects we need a detailed knowledge of 

o defect processes whereby cerium is incorporated in the lattice. 

g Such capability is provided by the computer simulation studies 

3 reported in this communication. 

5 The atomistic simulation techniques used in this study have 
I- been widely used for metal oxide systems and are described 
S extensively in the literature. The ionic model for solids is 



employed, where the total energy is partitioned into a short 
range contribution describing the repulsion and van der Waals 
attractions between electron charge clouds and long range 
Coulombic interactions. Parameters to describe the total energy 
as a function of nuclear co-ordinates are referred to as 
interatomic potentials, the quality of which are assessed by their 
ability to reproduce the observed crystal properties. The 
interatomic potentials'-'^ employed for the calculations de- 
tailed here have been used extensively for the study of many 
aspects of lanthanum perovskites by Islam et al.^^^-^^ 

This investigation is concerned with charged defects; there- 
fore, two particular aspects of the methodology are highlighted: 
the polarisable shell model and the Mott-Littleton formalism 
for treating the relaxation around a defect site. Charged defects 
polarise other ions in the lattice and therefore we require a 
treatment of ionic polarisability to be incorporated in the 
interatomic potential. The shell model of Dick and Over- 
hauser'2 has been shown to simulate correctly dielectric and 
lattice dynamical properties of a wide variety of materials. The 
Mott-Littleton method of treating the relaxation around the 
defect site partitions the crystal into three regions, with the ions 
in the spherical inner region being allowed to relax to zero force, 
while the ions of region two are treated using the harmonic 
approximation, beyond which the outer ions are simulated by a 
quasi continuum method to infinity, as the effect of the defect is 
weak. The GULP code incorporates both lattice and defect 
models and has been used for all calculations reported, In all 
calculations the radius of region one of the Mott-Littleton 
model was fixed at 10 A, while the radius of region two was 20 
A. 

Three mechanismsf have been considered for cerium doping: 
the first two are for doping stoichiometric LaCoOa, 

4La;^ + 3CeO, ^ 3Cc^ + v;;; + ILafi^ (l) 

4La^^ + 4Ce02 + 4CoJ^ -» 4Ccl, + 4h'c^ + 2Lafi^ + (2%) 

However, as prepared LaCoOs calcined at ^ 900 °C is typically 
slightly reductively non-stoichiometric' We have therefore 
considered the case of doping cerium into the LaCoOs lattice 
containing oxygen lattice vacancies according to eqn. (3). 

2La;^, + 2Ce02 + Vq -> 2Ce;^ + Lafi^ + Oq (3) 

From the calculated energies collected in Table 1 we have 
calculated solution energies for each mechanism describing 
cerium insertion, shown in Table 2. From the solution energies 
for the first two mechanisms it is clear that Ce'*"^ is not soluble 
in stoichiometric LaCoOs; however, the low solution energy for 

Table 1 Lattice and defect energies for oxides 



Static lattice energy/eV Mott-Littleton defect energy/eV 



LaCoOj -143.07 La3+ vac 42.83 

CeOj -105.64 Co^* hole 3L04 

LajOj -127.35 O^- vac 19.23 

CC'+sub -32.12 



2706 



This journal is © The Royal Society of Chemistry 2002 



Table 2 Calculated solution energies/eV 



f«.in[l] 2.89 
E^in [2] 2.7 
£so.n [3] 0.23 



the third mechanism shows that if cerium is inserted into the 
oxygen deficient lattice of LaCoOs.A then there is much greater 
solubility. The non-stoichiometry of oxygen in the prepared 
catalysts is very difficult to characterise experimentally. For 
pure phase LaCoOs levels of oxygen have been found to be 
between 2.94 and 3. Thus, the amount of cerium incorporation 
into the lattice can be considered to be dependent on the 
potential for this level of reductive non-stoichiometry (lack of 
oxygen) after undergoing typical high temperature preparation 
conditions for this material. 

We have not considered doping of Ce'*^ for Co^+ or Co^^ (the 
balancing defect for reductive non-stoichiometry) at the B site, 
as the ionic radius differ considerably. Ce"**^ in an octahedral 
environment has an ionic radii of 0.87 whilst Co^**- and Co^"^ in 
an octahedral environment have ionic radii of 0.65 and 0.61 
respectively.*^ The Vco'" and Vco" species are not reported as 
the [CoOe] unit is very stable in comparison to Vlo'" 
formation. 

It is interesting to compare the solubility of cerium, a 
tetravalent dopant, with Sr^^, shown to be the most soluble 
divalent cation by Cherry et ai^ The first two mechanisms have 
a much higher energy of solution than the values for Sr^-^- 
doping, of ! . 1 8 eV for LaCo03. However, the third mechanism 
shows that cerium will easily enter the lattice if oxygen 
vacancies are present, as it has a much lower solution energy 
than Sr-"^. The ionic radius for twelve fold coordinated ions can 
be compared, where Sr-"^ is 1.44, which is slightly larger than 
that of La3+, 1.36, whilst that of Ce^*-^, 1.14, is much 
smaller.'^ 

As mentioned earlier, the levels of oxygen vacancies present 
in single phase LaCo03 are up to 2%. The levels of cerium 
found in Lai_^Ce;rCo03.A, before phase separation is observed, 
has been estimated as 1-4%. ' ^ Since one lattice oxygen vacancy 
is compensated by two dopant ions we can conclude that the 
calculated solution energy, by the third mechanism above, 
involving filling oxygen vacancies, is the only feasible 
mechanism for introducing a limited amount of Cq^^ into the 
lattice. Once the oxygen vacancies are filled no more cerium 
can enter the lattice. 

For divalent Sr-"^ doping, the importance of creating oxygen 
vacancies is again significant. As the A lattice site is reduced by 
substitution of a divalent cation there is a compensatory loss of 
oxygen from the lattice as the lowest energy mechanism."* The 
creation of oxygen vacancies leads to an increase in surface and 
sub-surface sites for oxygen adsorption and increased oxygen 
mobility at high temperature.^ '^-^o In contrast the effect of 
incorporating a tetravalent cation, using the third mechanism, is 
to oxidise the A site and therefore oxygen sites must be filled to 
charge compensate the lattice. Therefore, there will be a 
reduction in the number of vacancy sites for oxygen adsorption 
leading to a decrease in catalytic activity for lower temperature 
oxidation. 5 

Cerium does not improve the low temperature catalysis, 
before the onset of phase separation at ;c > 0.05. The low 
concentration of cerium in the lattice suggests that it does not 
perform the fimction of an active site for low temperature 



catalysis, but it has been speculated that it could stabilise surface 
C03VO2" species under these conditions.* However, for the 
high temperature regime when the ion redox process J4 O2 + 
2Co2+ + Vo" 2Co^+ + Oo*, dominates,^-^ catalyst perform- 
ance becomes a complex function of factors governing the total 
availability of lattice oxygen for oxidation. The amount of 
oxygen at the surface and the sub-surface for release during 
oxidation and the rate of lattice replenishment is increased by 
the presence of some Ce"*"^ in the lattice, as shown by the low 
solution energy for the third mechanism proposed above, 
therefore leading to an improvement in catalyst performance. 

We have performed calculations that demonstrate that cerium 
will only enter an oxygen deficient lattice, which we have 
postulated affects lower temperature suprafacial catalysis by 
reducing the number of oxygen vacancies for adsorption. 
However, at high temperatures the cerium pulls oxygen from 
the atmosphere into the lattice, filling vacancies and therefore 
providing additional oxygen for intrafacial catalysis. 

SAF would like to thank ICI/Synetix for financial support, 
while M. S. Islam, A. A. Sokol, K. Wright and F. Cora are 
thanked for their useful insights. 
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perovskite A site is denoted by Va and a dopant species M at site A is given 
by Ma, while he describes the formation of a hole at the perovskite B site. 
The effective charge of the defect is shown by a superscript as positive 
negative ' or neutral ^. 

X O2 is calculated using the method of Catlow."* 
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